The passive flux meter (PFM) enables the measurement of cumulative water and contaminant mass fluxes in porous aquifers. It consists of a sorbent material, which is installed in a monitoring well to intercept groundwater flow. Tracer losses and contaminant retention on the sorbent are used to estimate water and contaminant mass fluxes through the device. In the multi-layer PFM different (sorbent) materials are used in an annulus (layer-type) configuration. This allows leached tracers inside the PFM (no tracer release into aquifer) to be retained and facilitates simultaneous deployment of different sorbent types in a single device. In order to estimate undisturbed ambient fluxes in the aquifer, measurements need to be corrected for flow convergence or divergence induced by the well and PFM components. We make use of an analytical solution to the potential flow Advances in Fluid Mechanics IX 301
Introduction
Groundwater contamination is recognized as a dangerous threat to ecosystems and human drinking water supplies. Besides contaminant concentrations (mass per volume), contaminant mass fluxes (mass per cross sectional area per time) have been used more recently as relevant measures for contaminant source identification, risk assessment, decision making and remediation performance control (ITRC [1] ). Currently, three fundamental approaches are available for measuring contaminant fluxes: (1) Multi-level sampling (MLS; Einarson and Mackay [2] ), which is based on separate measurements of contaminant concentrations and water fluxes for subsequent multiplication to obtain contaminant fluxes. (2) Integral pump tests (IPT; Bockelmann et al. [3] ), which extract contaminated groundwater from the aquifer through pumping from a well and monitor contaminant concentrations at the well head over time. (3) Passive flux meter measurements (PFM; Hatfield et al. [4] , Annable et al. [5] ) based on the installation of sorbent materials in observation wells, where the sorbents initially contain known amounts of resident tracers. From detected tracer losses from a sorbent and contaminant masses sorbed onto a sorbent through laboratory analyses, cumulative (i.e., time integrated or averaged over the period of installation) water and contaminant fluxes may be obtained simultaneously as depth profiles along the well.
PFMs have typically been deployed in observation wells as self-contained units consisting of a single sorbent material, which acts as both a leaching tracer reservoir and a contaminant trap. As a consequence, it has to be assured that (1) the sorption properties of the sorbent material are appropriate for both tracer(s) and target contaminants, and (2) that the chemical properties of the tracer(s) are such that tracer release (even though minimal) into the aquifer does not cause legal or environmental problems. In an effort to circumvent these two issues (e.g., for measuring water and contaminant fluxes at Rifle, CO, USA) a multilayer PFM has been developed and tested, which consists of multiple concentric rings (layers) of different materials (which may be sorbents or not). Figure 1 compares the two different PFM configurations, where figure 1a shows a single sorbent installed inside a well screen, while figure 1b illustrates the annular composition of a multi-layer PFM installed in a screened well. From the periphery towards the center k i [L/T] and r i [L] denote the hydraulic conductivities and outer radii of the different rings. k 0 corresponds to the aquifer, k 1 is the well screen, k 2 an outer sorbent layer for contaminant sorption (e.g., Lewatit resin for uranium), k 3 an intermediate sorbent layer (e.g., granular activated carbon (GAC) for alcoholic tracers) to retain tracers eluded from an inner sorbent layer of k 5 (e.g., also consisting of GAC for alcoholic tracers). Between the two GAC layers, there is a thin perforated stainless steel pipe of conductivity k 4 , which serves to separate the inner GAC from the outer one for installation and laboratory analysis. The center circle of radius r 6 is an impermeable pipe for physical stabilization and water evacuation during PFM Figure 1 :
Horizontal cross sections of well screens and (a) a PFM consisting of a single sorbent and (b) a multi-layer PFM as used in laboratory testing. Bold black circle is of outer radius r 4 and conductivity k 4 . 
where (2) is valid as long as none of the contaminant previously sorbed onto the i-th layer is again released from it. As a consequence, within their ranges of validity eqns (1) and (2) do not depend on the properties (e.g., non-uniformity) of the flow field in the respective rings. Note that for r i+1 = 0 (i.e., the i-th layer is the center circle) eqn (1) reduces to eqn (18) of Hatfield et al. [4] , whose coefficient of 1.67 appears as π/2 ≈ 1.57 here. This is a consequence of the range of validity stipulated (an analogous observation applies to eqn (2)). However, due to the more complex configuration of the multi-layer PFM and flow refraction between layers of different conductivities, an assessment of undisturbed ambient water and contaminant fluxes in the aquifer is not straightforward. Klammler et al. [6] present an analytical solution to the potential flow problem through the multi-layer PFM and they develop flow convergence factors for estimation of undisturbed (uniform) ambient fluxes. These factors, however, are with respect to the inner-most ring (center circle) only and are not applicable to other rings. The present work generalizes the convergence factors of Klammler et al. [6] to arbitrary layers in a multi-layered PFM configuration and uses the result for calibration of unknown parameters (well screen and perforated pipe conductivities k 1 and k 4 ) through a laboratory sand box experiment, such that they may be applied to the multi-layer PFM deployment at Rifle for measuring water and uranium fluxes.
General flow field solution
The solution of Klammler et al. [6] is based on potential flow through porous media (Strack [7] disturbed by a cylindrical inhomogeneity in hydraulic conductivity and uniform flow disturbed by an impermeable or infinitely permeable cylinder. Its application is best illustrated by a numerical example, for which we use the flow domain of figure 1b (table 1) (4) and (5). Subsequently, the column of q i is populated from top down by consecutive use of eqn (6) . Most parameters in table 2 are auxiliary variables without direct physical equivalences (some of them complex/ imaginary). Exceptions are q 0 (undisturbed flux in the aquifer; assumed uniform), k 6a (equal to conductivity k 6 of inner ring), k 0a (equal to aquifer conductivity k 0 ) and q 6 (specific discharge in inner ring). Since k 6 = 0, it is further seen that a 5 is equal to the center pipe radius r 6 . Following this example, the step-wise solution scheme of eqns (3) through (6) is generally applicable to an arbitrary number of layers. 
Flow convergence factors for arbitrary layers
Using the solution of Ψ i from eqn (3) for an arbitrary number of layers, the apparent flux q PFM,i [L/T] through the i-th ring of eqn (1) may be found. It is equal to the difference of the stream function between the lateral-most points (e.g., for i = 2 points A and B in figure 2 ) of the ring divided by the cross sectional area perpendicular to flow. In the undisturbed aquifer the flow is assumed to be of uniform flux q 0 , such that a flow convergence (or divergence) factor α i [-] for the i-th ring may be defined by 
In other words, the flow convergence factor expresses how much flow crosses the i-th ring of a multi-layer PFM with respect to the ambient flow through a ring of the same size, if the aquifer was not disturbed by the well and PFM components. A value of α i larger than one may be viewed as a situation of flow convergence, while a value smaller than one reflects a condition of flow divergence. For a single layer PFM, flow convergence occurs when the PFM sorbent is more permeable than the aquifer and flow divergence occurs when the contrary is true. For multi-layer PFMs, however, α i ≥ 1 and α i ≤ 1 may occur simultaneously in different layers of a single device depending on the sequence of k i . Returning to the example of figure 1b and using values of r i from The flow convergence factor α i from eqn (8) is a generalization over that of Klammler et al. [6] , because it is applicable to any layer. If i is equal to the total number of layers present, such that α i applies to the center circle of the flow domain as shown in figure 1 , for example, then eqn (8) becomes equal to α i from Klammler et al. [6] . Moreover, for i = 1, 2 and 3 (and an arbitrary total number of layers), eqns (3), (12) and (13) of Klammler et al. [6] may be written in a generalized form by using k 1a , k 2a and k 3a from eqn (4) 
For i = 4, the result of Appendix B in Klammler et al. [6] is incomplete and after substituting k 4 by k 4a it should be 
Laboratory experiments and calibration
For application of the multi-layer PFM configuration of figure 1b at the uranium site in Rifle and determination of unknown conductivities k 1 and k 4 , laboratory sand box experiments are performed. Box size is 39 x 30.5 x 17.9 cm (length L x width W x height H) and table 1 contains the sand conductivity as well as well screen and PFM parameters. Table 3 summarizes the results of the sand box experiments and indicates average values of α 2 = J PFM,2 /J 0 = 0.81 and α 5 = q PFM,5 /q 0 = 0.26. At this point we return to table 2 and revert the previous assumption that the conductivities k 1 and k 4 of the well screen and the perforated pipe are known. Instead, the experimental values of α 2 and α 5 are used to determine effective values of k 1 and k 4 to be used in the interpretation of field deployments. For this purpose, advantage is taken of the previous conclusion that the ratio α 5 /α 2 = 0.32 is not affected by k 1 . Thus, k 4 may be directly found, which is most conveniently achieved by systematically varying k 4 for an arbitrary value of k 1 and observing the results in terms of α 5 /α 2 . Figure 3 shows the outcome of this process and leads to two possible values of k 4 = 3.2 and 18851 m/day. For each of the values found for k 4 , the same process is repeated with k 1 to reach the required value of α 2 = 0.81 (or equally α 5 = 0.26). This is illustrated in figure 4 and shows that again two values of k 1 may be combined with each value of k 4 , thus resulting in the four solutions given in the first two rows of table 4. For each of the four solutions pairs, a flow convergence factor α q for water flux and a flow convergence factor α J for uranium may be computed for the deployment conditions at the Rifle site. These conditions are identical to those of figure 1b, except for the presence of a filter pack of radius 10.2 cm and conductivity 160 m/day around the well screen and inside an aquifer of conductivity of approximately 2.5 m/d. Considering these modifications, results for α q and α J from application of eqns 4, 5, 6 and 8 are given in the last two rows of table 4. It may be seen that α q /α J = α 5 /α 2 = 0.32 remains constant and, more interestingly, that the solutions are pair wise identical (up to chart reading and rounding errors). It appears that this is not a coincidence as the same behaviour may be observed for other hypothetical values of aquifer and filter pack conductivities and radii. From the remaining two solution, α q = 0.20 and α J = 0.61 are proposed for use at the Rifle site, since they are associated with a low value of k 1 = 2.3 (and either value of k 4 ). This choice is justified by two related arguments: (1) From an independent borehole dilution test (no PFM installed) in the sand box a value of k 1 = 87 m/day is estimated. This may be regarded as an upper bound for k 1 as flow in the vicinity of an open borehole is radial. Flow components in the tangential direction through the well screen are hindered by the fact that screen slots are not continuous along the circumference of a PVC screen. (2) As illustrated by the flow field in figure 2, low k 1 and k 4 cause flow in the respective rings to be essentially radial, which is in agreement with the geometric properties of the screen slots and the pipe perforations acting as water conduits. Large values of k 1 and k 4 , in turn, would lead to a certain degree of flow short circuiting along these rings, which is considered less plausible, particularly since the sorbents are granular and tend to settle into the well and close possible voids along the pipe or screen surfaces. presence of well and PFM). Using the results in combination with laboratory sand box experiments, effective conductivities of a well screen and another separation screen between layers are determined. With these conductivities, flow convergence factors for measuring water and uranium fluxes at a site in Rifle, CO, USA, are proposed.
Summary

